The relA gene product determines the level of (p)ppGpp, the effector nucleotides of the bacterial stringent response that are also involved in the regulation of other functions, like antibiotic production and quorum sensing. In order to explore the possible involvement of relA in the regulation of virulence of Vibrio cholerae, a relA homolog from the organism (relA VCH ) was cloned and sequenced. The relA VCH gene encodes a 738-aminoacid protein having functions similar to those of other gram-negative bacteria, including Escherichia coli. A ⌬relA::kan allele was generated by replacing ϳ31% of the open reading frame of wild-type relA of V. cholerae El Tor strain C6709 with a kanamycin resistance gene. The V. cholerae relA mutant strain thus generated, SHK17, failed to accumulate (p)ppGpp upon amino acid deprivation. Interestingly, compared to the wild type, C6709, the mutant strain SHK17 exhibited significantly reduced in vitro production of two principal virulence factors, cholera toxin (CT) and toxin-coregulated pilus (TCP), under virulence gene-inducing conditions. In vivo experiments carried out in rabbit ileal loop and suckling mouse models also confirmed our in vitro results. The data suggest that (p)ppGpp is essential for maximal expression of CT and TCP during in vitro growth, as well as during intestinal infection by virulent V. cholerae. Northern blot and reverse transcriptase PCR analyses indicated significant reduction in the transcript levels of both virulence factors in the relA mutant strain SHK17. Such marked alteration of virulence phenotypes in SHK17 appears most likely to be due to down regulation of transcript levels of toxR and toxT, the two most important virulence regulatory genes of V. cholerae. In SHK17, the altered expression of the two outer membrane porin proteins, OmpU and OmpT, indicated that the relA mutation most likely affects the ToxR-dependent virulence regulatory pathway, because it had been shown earlier that ToxR directly regulates their expression independently of ToxT.
Vibrio cholerae is a facultative anaerobic gram-negative bacterium and the causative agent of the severe diarrheal disease cholera. In addition to residing temporarily in the intestinal lumen of humans during the diseased state, V. cholerae has its natural niche in the aquatic environment, residing in the freeliving aquatic flora found in estuarine areas and in association with crustaceans and mollusks (25) . The strains of V. cholerae that cause epidemic cholera belong to serogroups O1 and O139 (3, 4, 28, 41, 50) . The O1 serogroup is again divided into two biotypes, classical and El Tor (28) . Strains other than O1 and O139 are known as non-O1/non-O139 vibrios.
A pathogen in its natural environment and host-associated state is subjected to a plethora of stresses, such as fluctuations in pH, salinity, osmolarity, oxygen tension, temperature, and nutritional availability. These offer selective pressure to a bacterium, eliciting various adaptive responses for its survival. The adaptive response to nutritional stress encompassing rapid and complex cellular adjustments is called the stringent response. The relA gene has been identified as the genetic determinant responsible for the stringent response to amino acid starvation in prokaryotes. The hallmark of stringent response is the RelA-catalyzed cellular increase of hyperphosphorylated guanosine nucleotides, ppGpp and pppGpp, collectively called (p)ppGpp (6) , which leads to the rapid inhibition of syntheses of stable RNAs, ribosomes, and proteins, and ultimately to the arrest of cell growth (6) . However, the regulation of the level of (p)ppGpp is crucial for cell viability and depends on its rates of synthesis and degradation. Degradation of (p)ppGpp is carried out in Escherichia coli and other gram-negative organisms by the product of the spoT gene, which has (p)ppGpp 3Ј-pyrophosphohydrolase activity (6) . Furthermore, SpoT also possesses a weak (p)ppGpp synthetase activity, as revealed by the presence of a basal level of (p)ppGpp in relA null mutants that disappears in relA spoT double mutants (52) .
The various cellular responses to increased (p)ppGpp concentrations have been studied in a number of microorganisms, where it was found that (p)ppGpp has a role in the synthesis and accumulation of stationary-phase sigma factor, S (18) , in antibiotic and pigment production (7, 8) and quorum sensing (49) and in developmental processes (21) . Recently, it has been shown that (p)ppGpp has a role in the coordination of Legionella pneumophila virulence with entry into the stationary phase (20) and that Listeria monocytogenes relA mutants are impaired in surface-attached growth and virulence (45) . The relA gene has also been cloned and characterized from a number of pathogens other than the two mentioned above, but its exact role in virulence is not known (43, 51) .
At present, no information is available about the function of the relA gene in V. cholerae, and more importantly, whether it has any role in the coordination of the bacterial virulence response is not known. The virulence cascade in V. cholerae entails the activation of two transmembrane proteins, TcpP and ToxR, which act synergistically at the toxT promoter (29) .
ToxT then activates the expression of the two major virulence determinants of the cascade, ctxAB and tcpA (29) . Due to the pioneering work done by Miller and his colleagues on ToxR (37) and because of its important role in activating the virulence genes, the regulatory cascade controlling the virulence gene expression is called the ToxR regulon. ToxR also directly regulates the expression of the outer membrane porin proteins OmpU and OmpT in a separate branch of the ToxR cascade (9) . While ToxR positively regulates the expression of the OmpU protein (11) , OmpT is transcriptionally repressed (31) . In the present study, we report the cloning and sequencing of the relA gene of V. cholerae and the construction of a deletioninsertion relA mutant strain. Surprisingly, the relA gene mutation in V. cholerae revealed that (p)ppGpp, synthesized by RelA, plays a significant role both in vitro and in vivo in the regulation of the expression of two principal virulence factors, cholera toxin (CT) and toxin-coregulated pilus (TCP), most likely by modulating the expression of the transcriptional activator ToxR.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains, plasmids, and oligonucleotides used in this study are listed in Table 1 . The C6709-R strain was a spontaneous rifampin-resistant (Rif r ) mutant derived from the wild-type El Tor O1 strain C6709 (Table 1) . Competition experiments showed that the C6709-R strain was as fit for growth in vitro and colonization in the suckling mouse model (see below) as the parental strain, C6709 (data not shown). Both E. coli and V. cholerae cells were routinely grown at 37°C in Luria-Bertani broth (LB) with shaking. For plate culture, LB was used with 1.5% agar. For optimal CT production by the El Tor strains of V. cholerae, AKI conditions were used (26, 27) . Under AKI conditions, V. cholerae cells are grown in AKI medium without sodium bicarbonate (1.5% Bacto Peptone, 0.4% yeast extract, 0.5% NaCl) statically at 37°C for 4 h, and the culture is then shifted to overnight shaking at 37°C (26, 27) . For functional assay of relA, AT medium containing the histidine biosynthesis inhibitor 3-amino-1,2,4-triazole (AT) was prepared essentially as described by Rudd et al. (42) , except that it was based on M63 salt solution. For in vivo 32 P i labeling, MOPS (morpholinepropanesulfonic acid)-glucose minimal medium containing 0.4 mM phosphate, 0.4% glucose, 40 g of each amino acid (Sigma)/ml, and 20 g of each of the nucleosides (Sigma)/ml was used (33) . Antibiotics were used at the following concentrations: ampicillin, 100 g/ml; streptomycin, 100 g/ml; chloramphenicol, 30 g/ml; rifampin, 5 g/ml; kanamycin, 50 g/ml for E. coli and 40 g/ml for V. cholerae. The growth kinetics of the bacterial culture was studied spectrophotometrically by measuring the optical density of the culture at 600 nm.
Determination of intracellular (p)ppGpp concentrations. The strains were screened for patterns of (p)ppGpp accumulation essentially as described by Cashel (5) , with the following changes. An overnight bacterial culture grown in MOPS-glucose minimal medium containing 2 mM phosphate and other supplements (as stated above) was washed and resuspended in low-phosphate (0.4 mM) MOPS-glucose minimal medium supplemented with nucleosides and amino acids except serine and grown to an optical density of 0.2 at 600 nm. For detection 4 (100 Ci/ml) (BRIT, Mumbai, India), and amino acid starvation was simulated by the addition of 500 g of DL-serine hydroxamate (SHMT)/ml as described previously (33) . For extraction of (p)ppGpp from V. cholerae cells, the method described by Ojha et al. (39) was followed. Briefly, samples were withdrawn at various time intervals, centrifuged and washed with 10 mM Tris (pH 8.0) buffer, resuspended in the same buffer containing 20 g of lysozyme (Sigma)/ml, and kept on ice for 20 min. Lysis of the cells was done with 1% sodium dodecyl sulfate (SDS), and (p)ppGpp was extracted with an equal volume of 2 M formic acid and analyzed by onedimensional polyethyleneimine-coated thin-layer chromatography (TLC). The TLC plate (Merck) was developed with 1.5 M KH 2 PO 4 buffer (pH 3.4), air dried, and exposed to X-ray film (Kodak) for 24 h at Ϫ70°C for autoradiography. The authenticity of ppGpp was determined by its comigration with ppGpp from the 32 P-labeled formic acid extracts of various E. coli strains (Table 1 ) used as controls. The alkaline hydrolysis of ppGpp (39) was done to further confirm the existence of the nucleotide. For alkaline hydrolysis of ppGpp, the formic acid extract was immediately neutralized with NH 4 OH, followed by treatment with 0.3 M KOH and then with 0.1 M BaCl 2 at 37°C for 1 h.
DNA manipulations and cloning of the relA gene of V. cholerae. Standard molecular biological methods were followed for chromosomal and plasmid DNA preparations, electroelution of DNA fragments, restriction enzyme digestion, DNA ligations, bacterial transformation, conjugation, agarose gel electrophoresis, and Southern blotting unless stated otherwise (2) . All restriction enzymes and nucleic acid-modifying enzymes were purchased from New England Biolabs and were used as suggested by the manufacturer. For random priming of DNA, [␣-32 P]dCTP was obtained from Amersham Life Science. Two synthetic oligonucleotides, VCR-F and VCR-R (Table 1) , were designed using the whole genome sequence of V. cholerae O1 El Tor strain N16961 (available in the genome database of The Institute for Genomic Research) and were used in PCR to amplify the relA homolog of V. cholerae from the classical strain 569B. In a final volume of 20 l of PCR, 100 ng of V. cholerae chromosomal DNA (as a template), 250 M deoxynucleoside triphosphates, 20 pmol (each) of the primers VCR-F and VCR-R, 1.5 mM MgCl 2 , 1 l of dimethylsulfoxide, and 2.5 U of Taq polymerase (Gibco-BRL) were added. PCR was done with a GeneAmp PCR system 9700 (Perkin-Elmer). A 3.21-kb amplicon was obtained using the following PCR conditions: one cycle at 94°C for 1 min, followed by 30 cycles of 10 s of denaturation at 94°C, 30 s of annealing at 55°C, and 3 min of elongation at 72°C. The amplification reaction was completed with an additional cycle of 7 min at 72°C. The PCR amplicon was electroeluted from an agarose gel, and the purified 3.21-kb DNA fragment was cloned into an EcoRV-digested, 3Ј thymidine overhang-generated pBluescript KS(ϩ) vector DNA (Table 1 ), essentially as described by Marchuk et al. (32a) to generate the recombinant plasmid pREL VCH (Table 1) .
Nucleotide sequencing and analysis. DNA sequencing was done by using the ABI PRISM Dye Terminator Cycle Sequencing kit (Perkin-Elmer) and the ABI PRISM automatic DNA sequencer (model 377). DNA sequence data were compiled and analyzed by using the DNASIS computer program. Amino acid sequence homology searching was done using the BLASTX program (1) .
Construction of the relA deletion mutant of V. cholerae. To inactivate the relA gene of V. cholerae O1 El Tor strain C6709 (Table 1) , the plasmid pREL VCH (Table 1) was digested with the enzymes EcoRV and HincII, and the resulting 1.24-kb fragment, carrying the N-terminal region of the relA gene (Fig. 2) , was gel purified and cloned into the EcoRV site of the suicide vector pGP704, generating the plasmid pSHEG17 (Table 1) , which was propagated in E. coli strain SM10pir (Table 1) . For creating a deletion-insertion allele, pSHEG17 was digested with the enzyme NsiI to remove a 660-bp internal fragment of the relA gene of V. cholerae (Fig. 2) , which was replaced with a 1.24-kb PstI-cut kanamycin resistance gene block of the vector pUC4K ( Table 1 ). The resulting recombinant plasmid, pSHK17, was then mobilized conjugally from E. coli SM10pir into the streptomycin-resistant wild-type V. cholerae strain C6709. Transconjugants were selected on streptomycin-kanamycin plates, where the wild-type relA gene of V. cholerae was replaced with its deletion-insertion allele ⌬relA::kan as a double-crossover event. The transconjugants were screened for pGP704 or the kanamycin cassette by colony hybridization using linearized pGP704 DNA or the 1.24-kb kanamycin gene block, respectively, as a probe. The presence of the new ⌬relA::kan allele in the V. cholerae C6709 chromosome (Table 1) was confirmed by Southern blot hybridization analysis (see Fig. 2 ) and also by sequencing using the primer PMBEX1 ( Table 1 ). The V. cholerae relA mutant strain thus constructed was designated SHK17.
Assay of CT by GM 1 -ELISA. CT production was estimated in V. cholerae culture supernatants, sonicated cell lysates, or fluid collected from rabbit ileal loops by GM 1 -enzyme-linked immunosorbent assay (GM 1 -ELISA) as described previously (24) . Dilutions of purified CT (Sigma) at known concentrations were used to estimate the amount of CT in samples. ELISA was done using a rabbit polyclonal antiserum against the purified B subunit of CT and anti-rabbit immunoglobulin G conjugated with horseradish peroxidase (Gibco-BRL). The color intensity was measured at 492 nm in an ELISA reader (Bio-Rad).
RNA preparation and Northern blot analysis. For isolation of total cellular RNA, V. cholerae cells were grown at 37°C under AKI conditions, which are optimum for the detection of ctxAB, tcpA, toxT, and toxR transcripts of El Tor strains, as reported previously (34) . Total RNA was extracted between 6 and 10 h after growth under AKI conditions (34) and purified by using guanidinium isothiocyanate as described elsewhere (2) . RNA samples (ϳ20 g/well) were electrophoresed in duplicate in 1% agarose-2.1 M formaldehyde-MOPS gels, and one part was stained with ethidium bromide and visualized with UV light to confirm equal loading of all samples. The other part of the gel was used for Northern blot experiments. The probes used were PCR amplified utilizing the ctxA-F and ctxB-R primers for the ctxAB genes, tcpA-F and tcpA-R primers for the tcpA gene, and toxT-F and toxT-R primers for the toxT gene ( Table 1 ). The PCR conditions were as follows: one cycle of initial denaturation at 94°C for 5 min, followed by 30 cycles of 1 min of denaturation at 94°C, 30 s of annealing at 55°C, and 1 min of elongation/kb at 72°C. The amplification reaction was completed with an additional cycle of 7 min at 72°C. Quantification of the mRNA bands was done using Quantity 1 software (Bio-Rad).
RT-PCR assay. Reverse transcriptase (RT) PCR experiments were carried out as follows. Equal amounts of total cellular RNA from all experimental samples were first treated with RNase-free DNase I (Life Technologies) and incubated at room temperature for 15 min to eliminate any contaminating DNA from the RNA sample. The reaction was terminated by adding 2.5 mM EDTA, and the DNase I enzyme (Life Technologies) was then heat inactivated at 65°C for 10 min. The RT reaction was carried out using the Superscript RT-PCR kit (Life Technologies), as directed by the manufacturer, in a GeneAmp PCR system (model 9700; Perkin-Elmer). Briefly, to 8 l of the sample containing 200 ng of the DNase-treated RNA, 1 l (10 pmol) of each of the gene-specific primers, 2ϫ reaction mixture (a buffer containing 0.4 mM [each] deoxynucleoside triphosphate-2.4 mM MgSO 4 ), and 1 l of RT/PLATINUM Taq Mix were added. First-strand cDNA synthesis was carried out at 45°C for 30 min, followed by incubation at 94°C for 2 min to inactivate the RT, reactivate the Taq DNA polymerase, and denature the RNA-cDNA hybrid. PCR amplification of DNA was done for 40 cycles, each cycle consisting of denaturation at 94°C for 15 s, annealing at 55°C for 30 s, and extension at 72°C for 1 min/kb. A final extension of 7 min was given at 72°C. Then, the cDNA samples were loaded on a 1.5% agarose gel along with the appropriate DNA size markers, and the gel was visualized under a UV transilluminator. To confirm the absence of contaminating template DNA in RNA samples, a PCR was run for each of the tested samples, using only Taq DNA polymerase (Life Technologies) and keeping the cycling parameters the same. Lack of amplification in the absence of RT confirmed that the PCR products were generated only from cDNAs. Quantification of the cDNA bands was done using Quantity 1 software.
Isolation of outer membrane proteins. V. cholerae C6709 and its isogenic mutant SHK17 grown under AKI conditions were harvested and sonicated, and the resulting cell lysate was separated into subcellular fractions as described previously (13) . The outer membrane fraction was solubilized, and outer membrane proteins, together with whole-cell lysate proteins, were analyzed by SDS-12.5% polyacrylamide gel electrophoresis (PAGE), followed by staining with Coomassie blue or by Western blot analysis. To ensure equal loading of the protein samples, the total protein concentrations in the samples were determined using a commercial protein determination kit (Bio-Rad). The sizes of proteins were estimated using commercially available (Genei, Bangalore, India, or Invitrogen) protein molecular weight standards. Contamination in the outer membrane preparation due to inner membrane was always Ͻ5% as determined by cytochrome assay, as described previously (13) .
Immunological detection of OmpU, OmpT, and TcpA. Western blot analysis was performed with rabbit polyclonal antisera against V. cholerae OmpU and OmpT (kindly provided by K. E. Klose, University of Texas Health Science Center, San Antonio, Tex.) followed by goat anti-rabbit immunoglobulin G-alkaline phosphatase conjugate (Sigma). The blots were developed with nitroblue tetrazolium and BCIP (5-bromo-4-chloro-3-indolylphosphate) substrates by standard techniques (2) . For TcpA protein detection, bacterial-cell pellets obtained from 10 ml of culture grown under AKI conditions were resuspended in 100 l of phosphate-buffered saline (10 mM sodium phosphate buffer, pH 7.0, containing 100 mM NaCl). The resuspended cells were lysed by repeated freezethawing, and the total protein contents were adjusted to the same value according to protein determinations. Samples (5 l) were placed directly on polyvinyli-dene-difluoride membranes (Amersham-Pharmacia), and TcpA was assayed by in situ reaction with anti-TcpA monoclonal antibody (kindly provided by J. Sanchez, Universidad Autonoma del Estado de Mexico [UAEM], Cuernavaca, Morelos, Mexico), goat anti-mouse immunoglobulin G-alkaline phosphatase conjugate (Pierce), and nitroblue tetrazolium-BCIP substrates using standard techniques (2) .
Motility assay. Bacterial colonies were stabbed into LB motility plates containing 0.3% Bacto Agar (Difco) and incubated for 10 to 14 h at 37°C. The diameter of each motility zone was measured and compared with that of the parental strain present on the same plate (17) .
In vivo CT production using a ligated rabbit ileal loop model. In vivo CT production by the wild-type V. cholerae C6709 or its isogenic relA mutant SHK17 was assayed by using the ligated rabbit ileal loop model essentially as described previously (12) . Fluid accumulation (FA) in the ligated rabbit ileal loop was taken as a measure of the toxinogenicity of the strain. Briefly, rabbits were starved for 48 h prior to surgery and given water ad libitum. A rabbit was anesthetized, and a laparotomy was performed. The small intestine was tied off in alternating 6-and 2-cm segments proximally to the mesoappendix. An inoculum of 1 ml of V. cholerae cells containing ϳ5 ϫ 10 6 CFU was introduced into each 6-cm segment, while one loop was inoculated with normal saline (0.9% NaCl) as a negative control. The intestine was returned to the peritoneal cavity, and the incision was closed. After 16 to 18 h, the animal was sacrificed and the small intestine was removed. The fluid accumulated in each loop was separately collected in sterile test tubes, measured, and expressed as milliliters per centimeter, i.e., the ratio of loop fluid volume to loop length. The intestinal fluid was centrifuged at 8,000 rpm (Eppendorf) for 10 min at 4°C to separate the bacterial cells as a pellet. The supernatant was collected, filtered through a 0.22-m-poresize membrane (Millipore, Bangalore, India), and assayed for CT by GM 1 -ELISA (24) as described above. The bacterial cell pellet was washed twice with phosphate-buffered saline and finally resuspended in the same solution, followed by sonication and centrifugation at 10,000 rpm (Eppendorf) for 20 min at 4°C to remove cell debris, and the cellular lysate was assayed for CT. Each strain was tested in at least five individual animals.
In vivo infant mouse colonization assay. The infant mouse colonization assay was performed essentially as described elsewhere (40, 46) . Briefly, mixtures of the parental strain, C6709-R (C6709 Rif r ), and the mutant strain SHK17 (Km r ) were coinoculated into 3-to 5-day-old suckling mice in a peroral inoculum ratio of ϳ10 8 mutant to 10 8 wild-type V. cholerae cells. After 18 to 20 h of in vivo colonization, the small intestine was isolated and homogenized, and the mutant/ wild-type ratio was determined (40) by plating dilutions on Vibrio selective thiosulfate-citrate-bile salt-sucrose agar plates containing appropriate antibiotics, and the competitive index (40) was calculated. In vitro competition was carried out in 5 ml of LB inoculated with the same mixtures and grown at 37°C overnight.
Nucleotide sequence accession number. The DNA sequence reported in this study has been deposited in GenBank under accession number AF 175295.
RESULTS
Cloning of the relA homolog of V. cholerae and its DNA sequence analyses. The 3.21-kb relA locus of V. cholerae (Fig.  1) was PCR amplified from the genomic DNA of the classical O1 strain 569B using the oligonucleotides VCR-F and VCR-R (Table 1) as shown in Fig. 1 , and the amplified fragment was cloned as described in Materials and Methods. The recombinant plasmid thus generated was designated pREL VCH ( Table  1 ). The entire 3.21-kb insert DNA was sequenced after several subclones were constructed ( Table 1 ). The sequence analysis of the 3.21-kb DNA revealed only one complete open reading frame (ORF) of 2.22 kb from nucleotide positions 399 to 2615. A similarity search using the BLAST program with the nonredundant peptide sequence database revealed 100% identity at the amino acid level with the deduced RelA protein of El Tor strain N16961 (23) , as well as a high degree of similarity to all known RelA homologs of other bacteria (6, 16, 38) . The result indicates that the cloned fragment containing the 2.22-kb ORF is most likely a relA-like gene, and it has been designated relA VCH . However, the predicted RelA protein of V. cholerae consists of 738 amino acid residues compared to the 744 residues of Vibrio sp. strain 14 (16) , Salmonella enterica serovar Typhimurium (38) , and E. coli (38) . Thus, the putative relA ORF of 2.22 kb should code for a protein with a molecular mass of ϳ81 kDa. Analysis of the upstream and downstream nucleotide sequences of relA VCH revealed the presence of trmA-and mazG-like genes (Fig. 1) , respectively, indicating that the relA locus of V. cholerae has a genetic organization similar to those of other gram-negative organisms (6, 16, 38) . Complementation and functional analyses (5, 33, 42) of pREL VCH using E. coli wild-type CF1648 and its relA mutant strains CF1652 and CF1693 (Table 1) confirmed that the cloned insert in pREL VCH indeed carries a V. cholerae relA homolog whose product is responsible for the synthesis of (p)ppGpp (details of this work will be published elsewhere).
Disruption of the relA gene and its effect on (p)ppGpp accumulation. The El Tor strain C6709 was chosen for this study (23); mazG codes for a protein of unknown function in V. cholerae (23) and E. coli (38) , but in S. enterica serovar Typhimurium it codes for a pyrophosphatase (38) because this biotype of V. cholerae is the current pandemic strain (28) and there are data available from various virulencerelated studies with the strain (15, 30, 35) . Database searches and alignment of the RelA protein of V. cholerae with those of other organisms (38) revealed that the catalytic domain, or the (p)ppGpp-synthesizing region of RelA, is highly conserved and putatively lies in a stretch of 200 amino acids between residues 170 and 370 near the N-terminal region (data not shown), which comprises ϳ600 nucleotides. We constructed a deletioninsertion allele, ⌬relA::kan, in which a 660-bp internal region of relA overlapping the putative region coding for the catalytic domain was replaced by a kanamycin resistance gene cassette. This allele was recombined into the chromosome of the wildtype V. cholerae O1 El Tor strain C6709 as described in Materials and Methods. The V. cholerae relA mutant strain thus constructed was designated SHK17. Southern hybridization analyses of the mutant SHK17 and of the wild-type parent strain, C6709, using HincII, NsiI, and EcoRV enzymes confirmed that the relA mutant was generated by a double-crossover event. Hybridization of a HincII digest of the wild-type chromosomal DNA using the EcoRV-PstI fragment of the relA VCH gene ( Fig. 2A) as a probe showed two bands of 2.05 and 1.3 kb (Fig. 2B) , and the result is consistent with the V. cholerae El Tor whole-genome sequence data (23) . In the case of the mutant, the 2.05-kb HincII band of the wild-type strain was replaced with a 2.63-kb hybridizing fragment (Fig. 2B) . The increase in size of this HincII band in SHK17 is 0.58 kb, which is due to the insertion of the 1.24-kb kanamycin resistance gene cassette in place of the 0.66-kb internal NsiI fragment (see below) of the relA VCH gene ( Fig. 2A) , as described in Materials and Methods. The other HincII fragment (1.3 kb) showed no change in size in SHK17, since the two HincII sites (23) generating this fragment are present downstream of the site of allelic exchange ( Fig. 2A) . Similar analysis using the other restriction enzyme, NsiI, provided further evidence of the authenticity of the constructed relA mutant strain SHK17. The restriction map of the relA VCH gene indicates that there are two NsiI sites within it ( Fig. 2A) . As a result, when this enzyme was used for Southern analysis, three fragments of the wild-type genome with sizes of 3.8, 2.9, and 0.66 kb hybridized with the relA VCH probe (Fig. 2B ). Since the ⌬relA::kan allele was created by replacing the 0.66-kb NsiI internal fragment of the relA VCH gene, no signal was obtained in this region when the NsiI-digested genome of SHK17 was probed with relA VCH (Fig. 2B) . Furthermore, in SHK17, only two NsiI bands of 4.4 and 3.3 kb lit up in the autoradiograph (Fig. 2B ). These bands can only arise when the ⌬relA::kan allele replaces the wild-type relA VCH . The generation of these two new NsiI bands in SHK17 could be mapped easily, since the kanamycin resistance gene cassette (1.24 kb) itself contains two NsiI sites (GenBank accession number X06404) in very close proximity (only 266 bp from each other), as shown in Fig. 2A . The calculated map distances of the NsiI sites present upstream and downstream of the relA locus of the El Tor chromosome (reference 23 and this study) and within the kanamycin resistance gene were found to be identical to the sizes of the bands determined from the autoradiogram (Fig. 2B) . Hybridization analysis using EcoRV also supported the results obtained with the enzymes HincII and NsiI. The entire relA gene of El Tor is located within a 3.8-kb EcoRV fragment ( Fig. 2A) , as obtained from its genome sequence data (23) . Thus, the EcoRV-digested genome of the wild-type El Tor strain C6709 gave a single band in the 3.8-kb region when a portion of the relA gene was used as a probe (Fig. 2B) . However, in the case of the mutant strain SHK17, the band was shifted to a 4.4-kb region (Fig. 2B) . Here, the increase in band size was ϳ0.58 kb, which is highly consistent with the result obtained from our HincII analysis described above. Altogether, our analysis strongly suggests that the SHK17 mutant strain was generated by replacing the wild-type relA VCH by a ⌬relA::kan allele. The mutant strain SHK17 thus developed was selected for further studies. SHK17 was found to exhibit growth sensitivity to amino acid starvation induced by the addition of SHMT (33) and AT (42) (data not shown). Moreover, following amino acid starvation, SHK17 also did not show any significant (p)ppGpp accumulation compared to its isogenic wild-type strain C6709 (Fig. 2) . As controls, we used several E. coli strains (Table 1) , as shown in Fig. 2 . These observations are consistent with earlier reports (16, 32) , where such inhibition of growth and failure of (p)ppGpp accumulation were also exhibited by the relA mutants of other organisms upon amino acid starvation. The presence of a basal level of (p)ppGpp in the relA null mutant may be due to the weak (p)ppGpp synthetase activity of the spoT gene product (52) , also displayed in other gramnegative organisms (6, 16) . This hypothesis was further supported when the extracts of C6709 and its isogenic relA mutant SHK17, grown in amino acid-supplemented rich medium (described in Materials and Methods), were used as controls (Fig.  2C, lanes 6 and 7) . These controls showed amounts of a basal level of (p)ppGpp essentially similar to that of the mutant strain SHK17 grown under amino acid-starved conditions. Although V. cholerae possesses the spoT gene (23), whether its product has a weak (p)ppGpp synthetase activity remains to be explored.
RelA acts as a positive regulator of virulence gene expression. Since (p)ppGpp controls multiple cellular processes in prokaryotes, we were interested to determine whether it has any role in the regulation of expression of the major virulence factors of V. cholerae. To explore this possibility, we initially compared the levels of CT production in culture supernatants of both the wild-type El Tor C6709 strain and its relA mutant SHK17. Interestingly, the amount of CT in the culture superdetailed analysis of the autoradiogram, see the text. Lanes 2 to 4, wild-type C6709 DNA digested with HincII, NsiI, and EcoRV, respectively; lanes 5 to 7, SHK17 DNA digested with HincII, NsiI, and EcoRV, respectively. In lane 1, DNA digested with HindIII was run as a molecular size marker, and the sizes are indicated (in kilobase pairs) on the left. (C) Failure of (p)ppGpp accumulation in the relA mutant strain SHK17 upon amino acid starvation.
32 P i -labeled cells were grown either in MOPS-glucose minimal medium with amino acid starvation induced by the addition of 500 g of SHMT/ml (lanes 1 to 5) or in rich medium (lanes 6 and 7), formic acid extracts of the cells were prepared, and aliquots were loaded on a polyethyleneimine-coated TLC plate. The spots were developed as described in Materials and Methods. Lanes: 1 to 3, E. coli strains CF1648 (wild type), CF1652 (⌬relA), and CF1693 (⌬relA ⌬spoT), respectively; 4 and 6, V. cholerae strain C6709 (wild type); 5 and 7, SHK17 (⌬relA::kan).
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on September 9, 2017 by guest http://jb.asm.org/ natant of strain SHK17 was found to be significantly lower (ϳ90% reduction) than that of the wild-type strain, C6709, when both strains were grown under similar in vitro conditions favorable for optimal CT production ( Fig. 3) . To check whether the low level of CT in the culture supernatant of SHK17 was due to a defect in its secretion, we estimated the amount of CT in sonicated whole-cell lysates of both the parental and mutant strains. In both cases, no CT was detected (Fig. 3) , indicating that the production and not the secretion of CT was actually affected in the SHK17 mutant strain. To assess whether the decrease of CT production in SHK17 was at the level of transcription, Northern blot analysis was carried out using the ctxAB genes as a probe, where total cellular RNA was prepared from cells of the wild-type and the relA mutant strain grown under AKI conditions. RNA blot analysis revealed that the production of ctxAB transcripts was severely affected in SHK17 compared to the wild-type strain, C6709 (Fig. 3) . Consistent with this result, our RT-PCR experiment using RNAs from the isogenic pair C6709 and SHK17 (extracted under conditions similar to those used for the Northern blot experiment) showed that there was a significant decrease in the expression of ctxAB transcripts in the mutant strain compared to the wild type (Fig. 3) . The above-mentioned evidence clearly demonstrates that RelA has a role in the regulation of production of CT in V. cholerae. In addition to CT, TcpA is also an important virulence factor of V. cholerae, and it is well established that the expressions of both of these proteins are coregulated (29) . Thus, we expected that TcpA production in SHK17 should also be affected. To test this possibility, RT-PCR was carried out, and we found that there was a significant decrease in production of tcpA transcripts in the mutant compared to the wild-type V. cholerae (Fig. 3) . This was further confirmed by our Northern blot experiment using total cellular RNA of the wild-type and mutant strains with the tcpA gene as a probe. Here, also we found a notable reduction in the number of transcripts in SHK17 compared to the wild type (Fig. 3) . We also performed an immunoblot experiment using cell extracts prepared from V. cholerae cultures grown under conditions similar to those mentioned above. As expected, the relA mutant SHK17 showed a severe reduction in the production of TcpA compared to its parental strain, C6709 (Fig. 3) . Taken together, these data strongly suggest that like CT, expression of TcpA is also RelA dependent.
Since disruption of relA of V. cholerae led to decreased CT and TcpA production, we wanted to explore whether the expression of ToxT, the main regulator of the expression of CT and TcpA (14) , is also altered in the mutant strain SHK17. To test this, we performed an RNA blot experiment to check for the expression of toxT transcripts of wild-type and relA mutant strains of V. cholerae. It was found that the toxT transcript level of SHK17 was clearly reduced compared to that of the wild type (Fig. 3) . As mentioned previously, the expression of toxT is dependent on two important membrane-bound transcriptional activators, ToxR and TcpP (29) . The above-mentioned results led us to question whether disruption of relA could also affect the expression of ToxR and TcpP. However, in the present study, we determined only the status of ToxR, the most important regulator of the virulence cascade (37) . RT-PCR was employed again to detect any difference between the transcript levels in the wild-type and SHK17 cells. As shown in Fig.  3 , the toxR transcripts of SHK17 cells were barely detectable compared to its strong and significant signal in the wild-type strain, C6709. Therefore, it appears that the reduction in pro- duction of CT and TcpA in the relA mutant SHK17 was probably due to the decreased levels of their transcriptional regulators, ToxR and ToxT.
RelA influences the expression of outer membrane porin proteins OmpU and OmpT. It is well established that ToxR directly regulates OmpU (38 kDa) and OmpT (40 kDa), the two porin proteins of V. cholerae, in a ToxT-independent manner (9) . While OmpU is positively regulated, OmpT expression is repressed (11, 31, 36) . Since toxR transcripts were found to be decreased in the relA mutant SHK17, we hypothesized that OmpU and OmpT expression should also be affected. To address this issue, whole-cell and outer membrane proteins from both the wild-type and SHK17 mutant V. cholerae, grown under AKI conditions, were separated by SDS-PAGE and analyzed. Differences between the major outer membrane protein profiles of the wild type and the relA mutant of V. cholerae were evident, as shown in Fig. 4 . Furthermore, a prominent band in the 38-kDa region was found to be down regulated in the mutant strain (Fig. 4) . To find out whether the 38-kDa band was that of OmpU, an immunoblot analysis was done using rabbit polyclonal antiserum against the V. cholerae OmpU protein. The anti-OmpU antiserum reacted only with the 38-kDa bands of both the wild type and SHK17, indicating that the band that was down regulated in the mutant SHK17 was indeed that of V. cholerae OmpU (Fig. 4) . The expression of the OmpT protein was also similarly assessed with rabbit polyclonal antiserum against the OmpT protein of V. cholerae. As expected, the OmpT level was increased in the mutant strain SHK17 compared to its parental strain (Fig. 4) . Since the expression of ToxR-regulated OmpU and OmpT proteins is also affected upon disruption of the relA gene of V. cholerae, it is probable that the virulence cascade is affected at the toxR level.
RelA affects motility of V. cholerae. Expression of virulence factors and motility in V. cholerae are intimately linked by an as-yet-uncharacterized mechanism (17, 22) . Since the production of both CT and TcpA is drastically reduced in the relA deletion mutant in V. cholerae, it was of interest to compare the motilities of the mutant strain and the wild type. The motility of the V. cholerae relA mutant was found to be reduced by ϳ80% compared to that of the wild type. Thus, it appears that the disruption of relA also impairs the motility of V. cholerae. Why relA mutation leads to the reduction of both the motility and the expression of major virulence factors when previous reports (17) showed that these two mechanisms are reciprocally regulated is unknown and will require further investigation.
Disruption of relA VCH affects in vivo CT production. To examine the effect of V. cholerae relA mutation on the production of CT in vivo, we used a ligated rabbit ileal loop model (12) . This in vivo model has an advantage, as it allows comparative studies of the parental strain and its isogenic mutant concurrently in the same animal and thus avoids variations among individual animals. About 10 6 CFU of V. cholerae cells were introduced into each ligated rabbit ileal loop, and the FA ratio was determined as described in Materials and Methods. While the average FA ratio of the wild-type strain, C6709, was 1.5, that of the relA mutant SHK17 was only 0.2. The data indicate that, similar to in vitro laboratory conditions, a mutation in relA of C6709 has an effect under in vivo situations on the production of the principal virulence factor, CT, since accumulation of a large quantity of fluid in the ligated loop is considered to be due mainly to the enterotoxigenic effect of the toxin (12) . To further substantiate our in vivo rabbit ileal loop results, we determined the amount of CT present in the intestinal fluid generated by the wild-type strain, C6709, and its relA mutant SHK17 as described in Materials and Methods. As expected, the amount of CT estimated in intestinal fluid accumulated by SHK17 was very small compared to that of its parental strain, C6709 (Fig. 5A) . To rule out the possibility that the CT is retained within the cells of the mutant SHK17, we estimated the toxin level in the sonicated cell lysate and compared it with that of the parental strain. No toxin was detected in the lysates of either C6709 or SHK17 (Fig. 5A) .
Disruption of relA VCH affects intestinal colonization. To determine whether RelA has any role in intestinal colonization, we performed an in vivo competition experiment in suckling mice (40, 46) . The relA mutant SHK17 (Km r ) was coinoculated with its isogenic parental strain, C6709-R (C6709 Rif r ), into 3-to 5-day-old suckling mice as described in Materials and Methods. In this competition assay, SHK17 was found to be signif- (Fig. 5B) . V. cholerae strains with an equivalent ability to adhere would be expected to exhibit a competition index of ϳ1.0. In an in vitro competition assay, there was no marked observable difference between the mutant and parental strains (data not shown), indicating that the in vivo colonization defect of SHK17 was not caused by a general growth defect. It is well documented that TcpA is absolutely essential for successful colonization in this model (47, 48) . The intestinal colonization defect of the relA mutant of V. cholerae is most likely due to reduced levels of tcpA gene expression in vivo, similar to that found under laboratory conditions in this study.
DISCUSSION
In an attempt to explore the possible involvement of the relA gene in the regulation of expression of the virulence factors in V. cholerae, we cloned and characterized the gene relA VCH from the organism. We show that the cloned gene codes for a RelA homolog by the high amino acid sequence similarity of the RelA protein with those of other organisms (38) . Furthermore, a deletion-insertion mutant strain of V. cholerae, SHK17, constructed in this study also failed to accumulate (p)ppGpp upon amino acid starvation (Fig. 2) . All these observations strongly suggest that relA VCH functions in a manner similar to that of the relA genes of other gram-negative organisms (6, 16, 43) .
Interestingly, our findings in this study demonstrate RelAdependent regulation of the expression of the prime virulence factors CT and TCP in the El Tor biotype of V. cholerae O1. In vitro expression of CT and TCP in El Tor vibrios has been shown to require AKI conditions (26, 27) . Recently, Medrano et al. (34) provided insight into the molecular basis for control of CT and TCP production in El Tor under AKI growth conditions by analyzing the expression of the major virulence determinants toxR, toxT, ctxAB, and tcpA. In the present study, when we assayed the production of CT and TCP in the relA mutant El Tor V. cholerae strain SHK17 grown under AKI conditions, we found, to our surprise, severe defects in the expression of these factors compared to that in the parental strain, C6709 (Fig. 3) . Consistent with our in vitro results, we found that the relA mutant strain SHK17 produced significantly less CT in rabbit ileal loops (Fig. 5A ) and was severely attenuated in colonizing the infant mouse gut (Fig. 5B) . The in vivo defect in colonization shown by SHK17 appears to be due to the low level of production of TcpA (47, 48) , the principal colonization factor of V. cholerae (28, 29) . Thus, our data from in vivo experiments also support a positive role for RelAdependent regulation of the expression of the prime virulence factors CT and TCP. The current model for virulence gene regulation in V. cholerae is that of a cascade in which ToxR modulates the expression of another important regulator, ToxT, and ToxT in turn directly controls the expression of several virulence genes of V. cholerae. Thus, ToxR plays a pivotal role in the pathogenesis of V. cholerae. Lee et al. (30) recently highlighted the functional importance of ToxR in virulence gene regulation in El Tor, in which they have shown an absolute requirement of ToxR for the induction of CT during infection. In this study, we provide several pieces of indirect evidence that RelA may affect the virulence cascade at the ToxR level in El Tor; these are (i) very low levels of production of the ToxR-activated major virulence factors CT and TcpA in the relA mutant SHK17 compared to those in the parental strain; (ii) reduced production of the toxT transcripts in the relA mutant, which is directly under the control of ToxR; and (iii) a decreased level of ToxR-activated OmpU and an increased level of ToxR-repressed OmpT in SHK17. At present, it is not known whether RelA, via its effector molecule (p)ppGpp, has any direct role in the regulation of transcription of toxR. Proof of this hypothesis will necessitate construction of a relA VCH toxR double mutant, and such studies are in progress in our laboratory.
It might be argued that the effects of the disruption of (B) RelA is required for intestinal colonization in V. cholerae. A suckling mouse assay was performed as described in Materials and Methods. The parental strain, C6709-R (C6709 Rif r ), was coinoculated with SHK17 (⌬relA Km r ). The competitive index is the ratio of output mutant to wild type (recovered from the small intestine) divided by the ratio of input mutant to wild type (inoculated into the mouse); thus, if a mutant strain has no colonization defect, the competitive index will be close to 1 (40) . Each data point represents an individual mouse.
relA VCH are due to polar effects on downstream genes rather than to a direct effect of relA VCH disruption. To eliminate this possibility, we analyzed the genetic organization of the downstream region of the relA locus of V. cholerae biotype El Tor (23) . It was found that, although the immediate downstream gene, mazG, is transcribed in the same direction as relA VCH , the genes are not in one operon, since mazG has its own promoter (23) . Furthermore, the stop codon of relA is followed by a distinct hairpin loop structure characteristic of a rhoindependent transcriptional terminator. Additionally, mazG is followed by an ORF, which is transcribed in the opposite direction (23) . This ORF is followed by two other ORFs, both with their own promoters and transcriptional-termination hairpin loop structures (23) . Such a genetic organization eliminates the possibility of polarity, which occurs when disruption of an ORF within an operon affects downstream gene expression in addition to that of the targeted gene (44) . Again, several lines of evidence suggest that stringent response, mediated by RelA, may play an important role in the virulence of many other bacterial pathogens (10, 20, 45) . In this context, it is highly probable that the alterations in the phenotype of the V. cholerae relA mutant observed in this study are due to the disruption in the relA VCH gene alone.
From several recent studies, a picture is emerging that indicates that the pleiotropic role of RelA is mediated by its effector molecule, (p)ppGpp, which physically interacts with the RNA polymerase, and this may contribute significantly to our understanding of (p)ppGpp-mediated bacterial growth rate control (10) . In view of this fact, it is likely that the alterations of virulence phenotype in SHK17 obtained in the present study are also mediated by the (p)ppGpp effector molecule. It is possible that (p)ppGpp interacts in a similar fashion with the RNA polymerase of V. cholerae El Tor cells grown under AKI conditions to directly modulate the transcription of toxR. An alternative explanation is that (p)ppGpp could be involved directly in the activation of the transcription of each virulence gene studied, with or without the involvement of a superimposed regulatory loop. Again, considering the fact that (p)ppGpp is involved in the regulation of many important transcriptional factors of prokaryotes, which are induced under a variety of stress conditions (10) , there are several possible ways by which (p)ppGpp could exert a positive regulatory effect on the ToxR regulon in V. cholerae in an indirect manner. One such important transcription factor is the gram-negative sigma factor S , the activity of which has been shown to be induced by (p)ppGpp in other organisms (10, 18, 49) . The rpoS gene has also been implicated in the pathogenesis of V. cholerae (35) , although the status of CT and TCP production has not been reported in an rpoS mutant background. Alternatively, it is possible that (p)ppGpp represses the transcription of an inhibitor of the ToxR regulon, which, due to decreased levels of (p)ppGpp in the mutant, then becomes "derepressed" and consequently inhibits the transcription of toxR.
Virulence in most bacterial species is an acquired property; the genetic determinants conferring this trait are likely to be restricted to pathogens and would not be present in closely related nonpathogenic species (19) . It is now well established that this theory is also applicable to V. cholerae strains, in which the incorporation of two important pathogenicity islands, CTX and VPI, provide pathogenic potential to nonpathogenic strains (15) . Thus, any horizontally acquired gene cluster carrying virulence determinants is forced to use or adapt to the existing regulatory circuits of the host cell for their expression. Thus, it is not surprising that the horizontally acquired phageencoded CTX and TCP operons in V. cholerae have acquired their regulation, either positive or negative, through the most abundant and highly conserved regulatory genes, such as toxR, aphA, aphB, hns, and cyaA, located elsewhere on the primordial nonpathogenic V. cholerae genome. Like toxR, relA is present in both pathogenic and nonpathogenic strains of vibrios (unpublished observation). Thus, it appears that even before RelA became involved in regulating the expression of phage-encoded virulence genes via ToxR there already existed a definite "cross talk" between RelA and ToxR in the nonpathogenic strains of V. cholerae for the regulation of other physiological functions not related to virulence.
